Abstract: By using the MCVD system and the all-gas-phase chelate precursor doping technique, we fabricated an Yb-doped aluminophosphosilicate fiber with 20 μm-core and 400 μm-clad in diameter, i.e., 20/400 Yb-APS fiber. The fiber core was doped with 1100 ppm Yb 3+ , 7200 ppm Al 3+ , and 8000 ppm P 5+ . With a molar ratio of Al/P close to 1:1, low refractive index difference and suitable numerical aperture was obtained for large-mode-area fiber design. Directly forward pumped by 976 nm laser diodes, 11-m-long 20/400 Yb-APS fiber presented 3.03 kW laser output at 1080 nm with a slope efficiency of 76.6% and beam quality M 2 of ∼1.58. Up to this power level, no signs of instable beam profile, beam quality worsening, and laser power roll-over were obtained, indirectly justified no obvious mode instability in the whole laser setup. To directly characterize its power stability and photodarkening effect, the fiber laser was kept at ∼2.1 kW for over 500 min with power degradation less than 1.1%. These results indicated that the all-gas-phase chelate precursor doping technique is highly competitive for Yb-APS fiber fabrication toward high-power laser, and the fabricated fiber is very suitable for 2 kW-level or above commercial fiber laser development.
Introduction
When the output power is over 2 kilowatt (kW) at 1∼1.1 μm, the commercial fiber laser can be catalogued as 'high power'. Nowadays the researchers are making great efforts to push commercial high power fiber lasers towards 10 kW or above under single-mode operation with the assistance of laser diodes (LDs), pump injection techniques, and special fiber design and fabrication [1] - [4] . However, in addition to nonlinear effects such as stimulated Raman scattering (SRS), stimulated Brillouin scattering (SBS) and transverse mode instability (TMI) [5] , [6] , photodarkening (PD) is regarded as another one main limit factor for commercial high power fiber laser [7] - [25] , associated with maintaining the long-term high power reliability. When Yb-doped optical fiber (YDF) is pumped by 976 nm LDs, the intrinsic quantum defect combining with color-center-absorption caused by PD is doomed to generate considerable redundant heat. The consequent thermo-optic effects are an important factor for TMI and leads to long-term running instability. Therefore, it is critical to develop high quality YDF with remarkable suppression of PD and TMI for high power fiber laser.
Mechanisms behind PD effect have been widely investigated for many years [7] - [11] . Rareearth (RE) ions doping technique, RE concentration and homogeneity, host material composition, defects and impurities in YDF were widely accepted as the main causes of color centers and thus PD effect [8] , [10] . To suppress nonlinear effects, short fiber length is required. Therefore, 976 nm-LD is advised as pump source, and relative high RE-doping concentration is required to increase cladding-pump absorption [12] . However, high concentration of RE-doping is apt to result in ion-clustering, which in turn increases PD possibility. To circumvent this, advance fiber composition design and fabrication techniques are highly desirable for high quality YDF development.
Commercial large-mode-area (LMA) YDF with 20 μm-core and 400 μm-clad in diameter (i.e., 20/400 LMA YDF) is defined as Nufern-20/400-M YDFs by Nufern company, and widely used in kW-level fiber laser products. Nufern-20/400-M YDFs can be broadly classified into Yb-doped aluminophosphosilicate (Al 2 O 3 -P 2 O 5 -SiO 2 , Yb-APS) ternary fiber [13] and Ce/Yb/F-doped aluminosilicate (Ce/Yb/F-AS) binary fiber [14] concerning fiber core composition. For Ce/Yb/F-AS fiber, detrimental optical nonlinearity, such as four-wave-mixing and stimulated Raman scattering, easily occurred when laser output power exceeded 1 kW [14] . Therefore, Ce/Yb/F-AS fiber cannot be acceptable for 2 kW-level or above high power applications. To increase Yb-doping concentration while preventing Yb 3+ ions from clustering, APS fiber is strongly recommended as host material for its good solubility of Yb 3+ ions [13] , [21] - [25] . It can also lower refractive index by forming [AlPO 4 ] in ternary APS glass matrix to achieve LMA fiber design [21] - [25] . Unfortunately, Yb-APS fabrication process of Nufern-20/400-M remains unclear to date. Fabricated by matured solution doping technique (SDT) and modified chemical vapor deposition (MCVD) system, an Yb-APS fiber with a low numerical aperture (N.A.) (∼0.04) was newly designed and fabricated by F. Beier et al. [16] . The fiber presented 3 kW output power with an excellent slope efficiency of 90 % and near single-mode (NSM) beam quality (M 2 = 1.3) [16] . Nevertheless, the reported low-N.A. Yb-APS fiber laser architecture was not an all-fiber laser system and therefore unpractical for use out of laboratory. In addition to this, SDT suffers from poor repeatability and variation in dopants concentration, especially when higher concentrations of Yb are desired. Moreover, it is difficult to control refractive index profile (RIP) precisely and also reached the limit regarding large core (LC) size which is essential for laser fibers [15] . Solution may also introduce impurities, which are possible precursors for PD. Therefore, it is challenging to choose a suitable RE-doping technique and get proper RE concentration for high power YDF fabrication.
Recently, by all-gas-phase chelate precursor doping technique (CPDT), non-standard 30/900 Yb-APS LMA fiber was fabricated and presented 6.85 kW laser output at 1080 nm [26] . However, large fiber core of 30 μm results in poor beam quality. The large-scale cladding isn't beneficial to integrate a miniaturization fiber laser for real application, and required complex procedures to cut, splice, and taper. No added experiment was carried out in [26] to address PD inhibition of Yb-APS fiber. The widely-used PD measure method is to measure in-situ the transmission or loss of probe light during long-term Yb 3+ ions excitation by cladding pumping of the fibers with 9 nm. By using this, M.E.Likhachev et al. [21] has proven strong PD-resistivity of Yb-APS fiber. Another acceptable PD measure method is long-term laser output power stability examination, i.e., examining laser output power change as a function of time, of YDF-based laser system [27] . In previous reports [27] , [28] , the laser setups were stabilized at multi-hundred W laser, corresponding to low level of excited Yb 3+ ions in these cases. For better characterizing PD-resistivity of Yb-APS fiber and real industry application, long-term examination of the laser setup stabilized at multi-kW level is highly desirable and rarely reported to date.
In this study, we shall focus on the material characteristics and laser performances of standard 20/400 Yb-APS LMA fiber with Al/P molar ratio of ∼1:1 by using novel all-gas-phase CPDT combining with traditional MCVD system [28] , [30] , [31] , although it is a great challenge to incorporate phosphorus by gas-phase doping for its relatively low melting point and sublimation temperature. Tested with a MOPA configuration, the fiber obtained 3.03 kW laser power at 1080.13 nm with a slope efficiency of 76.6% and excellent laser stability with power fluctuation of 1.09% for over 500 minutes. Neither roll-over of output power nor deterioration of beam quality was observed with increased pump power.
Experimental Details
In combination CPDT with MCVD [30] , [31] , high quality Yb-APS fiber preform was fabricated. Different from our previous works [30] , [31] , multi-step etching process was used to make tube wall decrease from 2 mm to ∼0.9 mm. The etching process includes HF acid etch for 6 hours as well as SF6 etch procedures with a burner at 2050°C before cladding deposition. The ultra-thin tube is instrumental to obtain a lower collapse temperature and less number of collapse passes. Thus, P was incorporated into fiber core and restricted from sublimation. After jacketed with a suitable silica tube, the preform was shaped and finally drawn into 20/400 Yb-APS fiber with numerical aperture (N.A.) of ∼0.065. The elemental distribution and molar ratio were analyzed by electronic probe micro analyzer (EPMA). The absorption spectrum was measured with an optical spectrum analyzer (OSA). Laser performances of the home-made 20/400 Yb-APS fiber were tested by an all-fiber master oscillator power amplifier (MOPA) configuration [28] , as depicted in Fig. 1 . The oscillator described in detail in [31] was with output power of 268 W at 1080 nm and M 2 beam quality of ∼1.12. 7 diodes with output power of ∼95 W at 976 nm were assembled in a group by a 7 × 1 combiner. 6 groups of diodes with pump power of ∼3.687 kW were launched to the amplifier stage by a (6 + 1) × 1 fiber combiner to realize power scaling. The Yb-APS fiber was coiled elaborately in diameter of ∼12 cm for bending mode-selection. The fiber laser beam was collimated and output by a Quartz Block Holder (QBH). Subsequently, it was split by beam splitters and attenuated to mW-level for spectrum and beam quality analysis. The output power stability was also recorded for further discussion.
Results and Discussion

Fiber Characteristics
The cross-section and RIP of the home-made 20/400 Yb-APS fiber are shown in Fig. 2 . The fiber is with core diameter of 20.9 μm and cladding diameter (flat to flat) of 409.6 μm. Core-to-clad ratio of the original preform is about 1:5. To obtained the required core-to-clad ration of 1/20, the original preform need to be jacketed with a suitable silica tube. Before that, SF6 was used to remove impurity and etch wall of F300-tube but come along with F residue at the inner wall. Thus, groove in F300 pump cladding can be found, as shown in Fig. 2(a) . However, the refractive index difference of the groove with respect to the pump clad is estimated to as low as 1 × 10 −4 , which has no significant influence on pump light propagation and coupling. The N.A. of the fiber was calculated to be 0.065, corresponding to the core-cladding refractive index difference of ∼0.0014. It is important to note that there exists a central dip at the core center, which comes from the natural evaporation of P 2 O 5 [26] , [30] during MCVD processes but is believed to maintain few-mode operation and contributes to good beam quality [32] .
By using EPMA and as shown in Fig. 3 , the molar percent of Yb, Al and P are measured to be 1100 ppm, 7200 ppm and 8000 ppm, respectively. The molar ratio of P/Al was knowingly designed and controlled to be a little higher than 1:1 to form [AlPO 4 ], which lower the core-cladding refractive index difference and thus achieve small N.A. around 0.06 [24] , [25] . With (Al+P)/Yb molar ratio of ∼13:1, Yb 3+ ions are homogeneously distributed and effectively prevented from clustering. To further study on the influence of RE-ions concentration and uniformity on laser performance, the elemental area distribution of Yb, P and Al was characterized and illustrated in Fig. 4 With the cut-back method, the cladding absorption spectrum was measured with an OSA, and the absorption peak coefficients α was tested to be 0.39 dB/m at 915 nm and 1.27 dB/m at 976 nm, respectively (Fig. 5) . It is important to note that all-gas-phase CPDT is very effective to remove residual water and/or OH − groups in the fiber core even without any water-removal measures during MCVD processes, demonstrating that CPDT has obvious advantage over SDT as to make low-loss or water-free YDF.
Laser Performance and Power Stability
Tested with a MOPA configuration, 11-meter-long 20/400 Yb-APS fiber presented maximum laser output power of 3.03 kW with slope efficiency of 76.6% at 1080 nm as indicated in Fig. 6 . The slope efficiency was not as high as that of previous reports [13] , [14] , for which the reasons are the elimination of high-order mode due to small coiling diameter of 12 cm and high transmission loss from long fiber used in the setup. The laser output spectrum is centered at 1080.13 nm with 3 dB bandwidth λ 3 dB of 1.61 nm. It is important to note the peaks centered at 1057 nm and 1103 nm can be observed. The unwanted peaks were caused by four-wave mixing (FWM) and self-phase modulation (SPM). Benefiting from relative broad signal spectrum and shorter fiber in use, the side-mode suppression ratio is about 19 dB with no SRS peak observed.
From Fig. 6(a) , neither efficiency decrease nor roll-over of output power is observed up to 3 kW, which is frequently observed in laser fiber suffering from PD. The system is stabilized at 3 kW for more than 30 minute and no power reduction is observed. For the safety of our system, this MOPA laser setup was kept at ∼2.1 kW for more than 500 minutes and the output power presented a relative small power degradation of <1.1% from 2108 W to 2085 W. The power degradation was due to the possible tiny change of RIP by long-time-heating, instability of cooling-water temperature and pressure, and burn-in of (6 + 1) × 1 fiber combiner. Repeatedly starting up the fiber laser, the output power could easily recover to the original level of ∼2100 W. It is important to point that, long-term-running of fiber laser with a MOPA configuration combining with cladding light stripper (CLS) is an effective way to observe PD effect, although it is an indirect method and not widely accepted. It is well-known PD in the YDF comes along with pump-induced loss increase, resulting in the redundant heat concentrating into fiber core. In this case, the PD-induced heat load leads to TMI together with energy exchange between LP01 fundamental mode and HOMs. The HOMs component leaking into pump cladding was easily stripped by CLS component in the amplifier stage. Thus, in our previous work [26] , [28] , obvious power degradation and PD effect were easily observed in fiber laser with CLS. It is easy to conclude almost no power degradation indirectly justify nearly PD-free in 20/400 Yb-APS fiber studied here.
One important reason for PD effects in YDF is the valence instability of the Yb-ion. The valence state change is believed to occur through a charge transfer (CT) process, which is related to aluminum oxygen hole centers (Al-OHCs) and Oxygen Deficiency Centers (ODCs) in glass network [33] , [34] . As is reported [7] , there exists an energy transfer between the ODC center and the Yb 3+ ions, which will result in pair generation of divalent Yb ions together with bound hole centers. Yb-APS fiber effectively inhibits the generation of Al-OHCs and ODCs by forming [AlPO 4 ] structure and shifts the charge-transfer band to a shorter wavelength region, thus exhibits low PD sensitivity.
To characterize the relationship between beam quality and power scaling, the beam quality factor M 2 was tested and calculated by a beam quality analyzer at different output power. Transmitting through the un-pumped amplifier, the beam quality factor M 2 of the seed light was worsen to be ∼1. 35 , mainly induced by the excitation of the high-order modes in the imperfection splicing point (between the ultra-low N.A. ( = 0.036) fiber and the pigtail fiber (N.A. = 0.065) of (6 + 1) × 1 fiber combiner). Deriving from the further amplified HOMs, the M 2 factor was increased to 1.58 when laser power is scaled to 700 W accordingly. The reasons for good beam quality are originating from low seed laser power with a M 2 of 1.12, small coiling diameter for bend-mode selection and near single-mode operation, small central dip of RIP as like that of commercial fiber [13] , close match between 20/400 Yb-APS fiber and pigtail fiber of the CLS near the output end. As described in Fig. 7 , M 2 of the MOPA scheme fiber laser stabilized at ∼1.58 as the laser power increased from 700 W to 3 kW. The beam profile at 3 kW-level is stable at both far-field and near-field. Furthermore, no sign of roll-over of output power and slope efficiency was found with increased pump power. Based on these, it can be concluded the laser system with CLS near the output end features high TMI threshold over 3 kW. The promotion of TMI threshold can be attributed to the special fiber coiling method to eliminate HOMs, optimization in Yb-APS fiber fabrication process (MCVD & CPDT) to achieve uniform ions distribution, proper Yb-doping concentration, and ternary Al 2 O 3 -P 2 O 5 -SiO 2 host material. That is to say, for the 20/400 Yb-APS fiber studied here, remarkable suppression of PD is mainly responsible for high threshold of MI more than 3 kW, in agreement with that reported in [35] .
Conclusions
In conclusion, by using all-gas-phase chelate precursor doping technique and MCVD system, a homogeneous 20/400 Yb-doped aluminophosphosilicate fiber with N.A. of 0.065 was fabricated. With a MOPA configuration, 3.03 kW laser output was obtained at 1080 nm with slope efficiency of 76.6% and high side-mode suppression ratio of ∼19 dB. With small bending diameter of 12 cm, the beam quality factor M 2 still stabilized at ∼1.58 with laser output increased up to 3 kW, indirectly justifying no obvious mode instability in the whole laser setup. Long-term running of ∼500 minutes at ∼2.1 kW showed power degradation less than 1.1%. The suppression of photodarkening and high mode instability threshold can be attributed to our optimization in Yb-APS fiber fabrication including uniform ions distribution, proper Yb-doping concentration, and ternary Al 2 O 3 -P 2 O 5 -SiO 2 host material. The results indicated that all-gas-phase chelate precursor doping technique is highly competitive for the fabrication of Yb-APS fiber towards high power laser beyond 3 kW.
